We examined structural changes in bovine kidney tubular basement membrane (TBM) following in vitro nonenzymatic glycosylation (NEG). Isolated TBM was incubated for 2 wk at 370C in the absence of sugar or in the presence of either glucose or ribitol under conditions that minimized degradation and oxidative damage. NEG and crosslink formation in glycated TBM were confirmed by decreased solubility, increased amounts of low mobility material by SDS-PAGE, and increased specific fluorescence compared to controls. Morphological analysis using high resolution, low voltage scanning electron microscopy (LV-SEM) revealed a complex three-dimensional meshwork of interconnecting strands with intervening openings. Glycated TBM underwent distinct morphological changes, including a 58% increase in the amount of image surface area occupied by openings. This was due to an apparent increase in the number of large openings (diameters > 12.5 nm), whereas the number of small openings (diameters < 12.5 nm) remained unchanged. These findings corroborate earlier physiological studies, which established that the loss of glomerular permselectivity seen in patients with diabetic nephropathy is due to the formation of large pores in the kidney filtration barrier of which the BM is a major component. We conclude that NEG and crosslink formation among BM components lead to modifications of BM ultrastructure, which could play a role in loss of barrier function in diabetic microangiopathy and nephropathy. (J. Clin. Invest. 1993. 92:3045-3052.)
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(LM), entactin/nidogen, and proteoglycans, which together form a complex meshlike structure (1) . Found primarily at the basal surface of polarized cells, BM are thought to have several important functions, sievelike permselectivity being one of them. Decreased vascular wall permselectivity is one of several sequelae typical oflongstanding diabetes mellitus. This process has been most thoroughly studied in the glomerular filtration barrier of the kidney, composed of a sievelike BM situated between vascular endothelium and urinary epithelium. Ordinarily, this high capacity filter is impermeable to large plasma proteins such as albumin and immunoglobulin. However, a high percentage of diabetic patients show a gradual decline in the permselectivity of the glomerular filtration barrier as detected by progressively increasing proteinuria.
The cause of this decline in permselectivity is unclear. Factors like impaired charge density may contribute to the leakage of negatively charged proteins like albumin; however, Myers and his colleagues have provided evidence that a loss of size selectivity is by far the most crucial element in the development of diabetic nephropathy (2) . Based on the transglomerular sieving of uncharged dextran molecules with broad size distribution in normal individuals and in diabetic patients with various degrees of proteinuria, they have modeled the renal filtration barrier as a heteroporous membrane primarily composed of small restrictive pores with a minor component of larger nonrestrictive pores. In this model, a slight increase in the proportion of larger pores is able to account entirely for the altered permselectivity of the diabetic glomerulus (2) . Despite changes in glomerular basement membrane (GBM) structure described by 0sterby et al. as "fluffiness," which have been correlated with proteinuria (3), the nature of these large pores and the mechanism by which they may form are not well established.
Nonenzymatic glycosylation (NEG) of long-lived proteins, such as the basement membrane components tIV and LM, is one of several mechanisms that may be involved in the generation of diabetic complications. It is a well-described process that becomes highly accelerated in diabetes (4) . At the molecular level, NEG begins with the spontaneous and reversible condensation of glucose, a reducing sugar, with a free amino group, usually the E-amino group ofa lysine residue. The Schiff base that is formed undergoes Amadori rearrangement and can then condense with an adjacent ketoamine adduct or amino acid side chain to form an irreversible crosslink product (5) . Several proteins, including isolated tIV and LM, undergo structural and functional changes after glucose incorporation and/ or ensuing protein crosslinking (6) (7) (8) (9) . However, the effect of NEG on the structural integrity of whole BM has not been addressed so far. that intact isolated BM undergoes after NEG and extensive crosslinking. We have used a novel morphological approach employing ultra high resolution, low voltage scanning electron microscopy (LV-SEM) and computer-aided image analysis to identify these changes.
Methods
Research design. Minimally extracted TBM was isolated from calfkidneys and used as an in vitro model system to assess the influence of glycation on BM ultrastructure. Tissue from young animals was used because a minimal number of preexisting crosslinks are present. TBM was incubated with glucose, a reducing sugar, under conditions resulting in detectable glycation and crosslinking while minimizing protein degradation, oxidation, and bacterial contamination. TBM treated with ribitol, a nonreducing sugar, was used as a control to correct for possible osmotic or other nonspecific influences of high sugar concentration on TBM structure. Following incubation, glycation and crosslinking were confirmed biochemically, and influence of glycation on TBM ultrastructure was examined by LV-SEM and computer-aided image analysis.
Isolation of renal tubules. Renal tubules were isolated from calf kidneys using the technique ofButkowski and Hagen (10) . The glomeruli and tubules from this young tissue were isolated on sieves with mesh sizes smaller than those described for the isolation of adult bovine glomeruli and tubules (10) . Tubules, isolated at 98% purity on sieve # 400, were stored at -80'C for future use.
Isolation oftubular basement membranes. TBM Nonenzymatic glycosylation (NEG) of TBM. TBM was incubated for 2 wk at 37°C in solutions containing PBS, 1 mM EDTA, 1 mM PMSF, 1 mM NEM, 0.02% sodium azide, and one of the following: 1 M glucose, 1 M ribitol, or no sugar. Solutions were degassed under vacuum for 2 h to remove dissolved 02 and then bubbled with argon to saturate with inert gas. Approximately 500 mg ofpelleted TBM (equivalent to 33 mg lyophylized TBM) was resuspended in 50 ml of each of the respective solutions. Due to the limited buffering capacity of PBS, the pH of all samples had declined equivalently from 7.4 to 6.6 by the end of incubation. The TBM was pelleted (3,000 rpm for 10 min), washed three times with deionized water, and immediately processed for LV-SEM examination, SDS-PAGE, or fluorometric analysis.
Solubilization of TBM for SDS-PAGE and fluorometry. Because BM are highly crosslinked structures, solubilization was required before SDS-PAGE or fluorometric analysis could be performed.
Samples for SDS-PAGE analysis were digested with either collagenase or pepsin, or extracted in the absence ofenzymatic digestion using a combination of denaturing and reducing agents. 4% 2-mercaptoethanol, pH 7.4, and incubated with constant shaking for 18 h at 60'C. In each separate approach, nonsolubilized material was pelleted by centrifugation (2,000 rpm for 2 min). The concentration ofsolubilized protein in the supernatant was determined for each sample using the method of Waddell (12) . In the case of the nonenzymatically extracted material, this was performed after extensive dialysis with PBS, 2 M urea, 10 mM 2-mercaptoethanol, pH 7.4. Equivalent amounts of each TBM extract were then analyzed by SDS-PAGE.
Samples for fluorometric analysis were digested extensively by sequential treatment with collagenase and pepsin. TBM from each sample was resuspended with bacterial collagenase in 50 mM Tris, 0.2 M NaCl, 2 mM CaC12, pH 7.4, at a 1:100 enzyme to substrate ratio and incubated for 18 h at 370C. At the end of incubation, samples were centrifuged at 70,000 rpm for 6 h. The pellet was resuspended with pepsin in 0.1 M acetic acid and 0.02% sodium azide at a 1:150 enzymeto-substrate ratio and incubated for 36 h at 37°C with intermittent mixing by sonication. At the end of the incubation period, nonsolubilized material was pelleted by centrifugation (2,000 rpm for 2 min) and the supernatant was used for fluorometric analysis.
SDS-PAGE. Samples for SDS-PAGE were reduced and electrophoretically separated on 2-15% gradient separating gels according to the methods of Laemmli (13) . Gels were stained with Coomassie blue, dried with BioGelWrap (BioDesign Inc., Carmel, New York), and analyzed densitometrically usinga transmittance/reflectance scanningdensitometer (model GS 300; Hoefer Scientific Instruments, San Francisco, CA) interfaced with an Apple IIe computer.
Fluorometric analysis. Fluorescence ofpreviously solubilized TBM samples was measured at excitation/emission wavelengths of 335/385 nm and 360/460 nm. These wavelengths are known to detect various glycation-induced adducts, including pentosidine (14) . Readings were obtained with a spectrofluorometer (Turner model 430; Unipath, Mountain View, CA) using a sample manipulated in parallel but containing only enzymes as a blank. Values were corrected for protein concentration as determined by the method of Waddell (12) and expressed as a percent of the negative control.
LV-SEM. Following incubation, suspensions ofwashed TBM from each sample were transferred to poly-L-lysine coated glass chips and processed for LV-SEM. Briefly, 5 mm X 10 mm glass chips were cut from standard microscope slides using a diamond-tipped pencil. After cleaning with sequential detergent, deionized water, acetone, and ethanol washes, 50 ,l ofa solution containing 100 Ag/ml poly-L-lysine (M, = 100,000) in PBS was pipetted onto the surface of each chip and incubated at room temperature for 1 h. The chips were then rinsed with deionized water and 50 ,l of the various TBM samples suspended in PBS, 0.02% sodium azide, 1 mM EDTA, 1 mM NEM, and 1 mM PMSF were pipetted onto the poly-L-lysine coated glass surfaces and incubated for 1 h at 4°C. The chips were gently washed with PBS and adherent TBM were lightly fixed with 4% EM grade paraformaldehyde in PBS for 2 h at 4°C (4 ml fixative/6-8 chips). After fixation, the samples were rinsed thoroughly with deionized water, dehydrated in a graded series of increasing ethanol concentrations, and dried at critical point (Samdri-708A; Tousimis Research Corp., Rockville, MA). Dried samples were mounted on a 450 planetary rotating/tilting stage and coated with O A platinum using an ion beam microsputter system (model 705; VCR Group, Inc., San Francisco, CA) at 10 kV and 4 mA for 6 min (15) . Coated samples were stored in a desiccated chamber before examination with a high resolution LV-SEM (Hitachi; S-900; Nisser Sangyo America, Ltd., Mountain View, CA) operating at an accelerating voltage of 2 kV (15) .
A method of systematic field selection and photography was developed to assure the consistency and reproducibility of images. First, samples were surveyed at a magnification of 1,000 to identify flattened 3046 S. S. Anderson, E. C. Tsilibary, and A. S. Charonis areas of tubules that were undistorted and apparently adherent to the glass chip. Magnification was then increased to 5,000, the flattened areas were centered in the field, and magnification was increased to 80,000 to allow for a detailed examination ofthe underlying structure. Fields were photographed with Polaroid film type 52. Brightness and contrast were adjusted automatically, and film development time was kept constant to assure reproducibility among images. Stereo-paired photographs were taken ofmost regions to assure that fields selected for analysis were flat with respect to the plane of the photographic film. Image analysis. Representative images from ribitol-and glucosetreated TBM were inputted through an MTI Series 68 CCD array camera to an image processor (model 75; International Image Systems, Milpitas, CA). The image processor was interfaced with a minicomputer (model 5700; Concurrent Computer Corporation Westford, MA), which ran System 600 image processing software (International Image Systems) under the UNIX operating system. Digitized images were converted to gray-scale histograms in which black was assigned a value of 0; white, 256; and shades of gray, intermediate values. The percentages of image surface area occupied by regions darker than specific levels ofgrayness were determined using software developed by R. Carter Carpenter of the University of Minnesota Biomedical Image Processing Laboratory. The obtained values were compared using a two-tailed Student's t test.
An additional image analysis technique was used to more specifically compare the apparent number and size of individual openings. Images ofribitol-and glucose-treated TBM were enlarged to a magnification of 104,000. "Openings" in the TBM structure, defined as strictly as possible to represent dark regions of the image that contained no apparent detail or structure underneath, were manually outlined and darkened to facilitate selective detection and measurement using the image analysis hardware and software described previously. In order to avoid bias, the identification ofopenings was performed independently by two observers, one ofthem unfamiliar with the research project. The total amounts of image surface area occupied by openings were determined. Also, the number of openings and amount of image surface area occupied by openings of specific sizes was determined for each image and presented according to opening diameter, which was calculated assuming each had an approximately circular shape. The results, expressed as mean±SD, were compared using a two-tailed Student's t test.
Results
It is well established that incubation with reducing sugars leads to the generation of glycated and crosslinked proteins in vitro (6, (16) (17) (18) (19) . In order to document such changes in our experiments, TBM, which had been incubated as described in Methods, was solubilized and examined by electrophoresis and fluorometric analysis. Three lines of evidence suggest the formation of crosslinks. First, glucose-treated TBM was noted to be less susceptible to enzymatic degradation and chemical extraction than ribitol-treated control TBM, as determined by the amount of protein solubilized and the volume of the pellets that remained after each treatment (data not shown). Second, densitometric analysis of electrophoretic profiles of TBM extracts detected more high molecular weight material in glucosetreated samples compared to control. These findings are typical for tissues that have become crosslinked as a result ofglycation (17, 18, (20) (21) (22) . Finally, fluorometric analysis detected increased fluorescence in glucose-treated TBM compared to ribitol-treated TBM at two different wavelengths that detect glycation-generated crosslinks (Fig. 1) (Fig. 2) . Since most TBM maintained their tubelike structure, the interstitial side ofthe TBM was the principal surface visible, and only small amounts of luminal surface were occasionally exposed at the sheared ends. Regions of the interstitial surface that appeared to be flattened, undistorted, and adjacent to the surface ofthe glass chip were selected for examination at higher power. These regions consistently generated images that were parallel with respect to the plane of the photographic film as determined by stereoscopy. In addition, since these regions were a uniform distance from the secondary electron detector of the LV-SEM, a consistent factor of magnification among images was assured.
Effect ofNonenzymatic Glycosylation on Basement Membrane Structure 3047 LV-SEM analysis at higher power revealed a complex meshwork of interconnecting strands of BM material with intervening openings ofdifferent sizes. The structure was comparable to that recently described by Hironaka et al. using similarly prepared TBM and LV-SEM (24) . Because of the complexity of the multilayered three-dimensional network, it was difficult to identify a distinctive pattern in the structure of the lattice (Figs. 3 and 4) . In some instances, however, semi-regular structures could be visualized in which strands of material appeared to radiate from a central hub into various planes of the lattice, occasionally having the appearance of a pentagonal or hexagonal wheel with spokes (Fig. 3) .
Following glycation, there were distinctive changes in the appearance ofTBM ultrastructure. Initial visual comparison of LV-SEM images suggested that more surface area was occu- pied by openings and that some openings were enlarged in glucose-treated TBM compared to the control. In addition, there appeared to be more frequent clustering ofTBM material in glucose-treated TBM, particularly in regions adjacent to enlarged openings. Differences between control and glycated TBM were more apparent when the structures were viewed in three dimensions using stereo-paired images: representative fields are shown in Fig. 4, A and B for ribitol-treated TBM and in Fig. 4 , C and D for glucose-treated TBM.
In order to statistically evaluate the area occupied by openings in the SEM images of control and glycated TBM, computer-aided analysis was performed. First, the amount ofimage surface area occupied by dark regions, which correspond to open spaces in the TBM structure, was quantitated for glucoseand ribitol-treated samples. For this analysis, representative images were digitized and the amount of image surface area occupied by various shades of gray was determined. As can be seen in Fig. 5 , the gray-scale distribution for images ofglucosetreated TBM was skewed toward darker shades of gray when compared to the distribution for images of the control. These differences were statistically significant at gray-scale values between 0 and 96, which represented the darkest spots in the SEM images and therefore corresponded to areas visualized as openings. These data indicate that more surface area was occupied by openings in images from glucose-treated TBM compared to images from the control.
An additional method of analysis was performed to assess the amount of surface area occupied by openings in images of glycated and control TBM. For this technique, individual openings were outlined and darkened to allow for selective detection in the digitized images used for computer analysis. Images from glucose-treated TBM were found to have 58% more surface area occupied by openings than images from ribitol-treated control TBM (13.34±0.64% vs. 8.44±1.18%, P < 0.001). The obtained data were comparable to those generated with the previous image analysis technique in which dark shades ofgray (gray levels of -82) were significantly increased in images of glycated TBM.
This increase in the amount of image surface area occupied by openings after TBM glycation could be due to an increase in the number and/or the size of individual openings. Using the second image analysis technique, the amount of image surface area occupied by openings of various sizes was determined and presented according to opening diameter (Fig. 6 A) . This type of analysis indicated that there was no significant difference in the surface area occupied by "small" openings with diameters < 12.5 nm in images of control and glycated TBM. However, "large" openings with diameters >12.5 nm occupied significantly more surface area in the images of glycated TBM. This was due to a small and similarly significant increase in the number of large diameter openings (data not shown).
Discussion
In this report we describe: (a) the three-dimensional appearance of isolated TBM as revealed at extremely high resolution by LV-SEM, and (b) biochemical and morphological changes in TBM after incubation in the presence of glucose.
The selection ofTBM as a model BM in our system is based on several factors. TBM can be easily isolated in large quantities and at high (98%) purity and has a relatively consistent and homogeneous appearance by LV-SEM. This in contrast to 3048 S. S. Anderson, E. C. Tsilibary, and A. S. Charonis GBM, which unavoidably contains mesangial matrix and has a more heterogeneous appearance. In addition, the structure of TBM is representative of other BM (24) . Also, TBM along with GBM has been described to become diffusely thickened in diabetic patients (25 (40) (41) (42) . If similar changes were to occur in BM structures in vivo, they could play a role in the development ofchanges in glomnerular permselectivity such as those seen in diabetic nephropathy (43) . Several physiological studies in humans, using macromolecules of variable size, charge, and shape, have provided evidence that loss of size selectivity through the formation of a small number of larger pores in the filtering sieve of the kidney could account for the loss of permselectivity in diabetes (2). Our morphological observations and measurements strongly support the above-mentioned physiological findings, in that we confirmed with high resolution LV-SEM the existence of enlarged openings in glycated BM. Furthermore, our observations indicate that glycation and glucose-induced crosslink adducts could be causally related with the appearance ofenlarged openings. Although the exact mechanism is not known, crosslinking may lead to clustering of BM components causing alterations in the normal basement membrane ultrastructure.
These studies were designed to examine the effect of one factor, the nonenzymatic glycosylation of matrix proteins, on one component of the vascular wall, the basement membrane. Other factors related to the diabetic condition may also be involved in the alteration ofvascular wall structure and function. In addition, the basement membrane is only part of the filtration unit, which also includes the endothelial layer and epithelial layer with podocytes and filtration slits. Therefore, changes in these structures could be of importance in determining the permeability properties of the diabetic glomerulus.
In view of our findings, it will be of interest to use this in vitro system to examine the filtration properties ofcontrol and glycated BM to determine if the observed structural changes have an effect on BM permeability. It will also be of interest to examine BM isolated from kidneys of patients with diabetic nephropathy, using the morphological approach described in this report to compare the appearance ofBM diabetically modified in vivo with that of in vitro glycated BM.
